\emph{Ab initio} spin-strain coupling parameters of divacancy qubits in
  silicon carbide by Udvarhelyi, Péter & Gali, Adam
Ab initio spin-strain coupling parameters of divacancy qubits in silicon carbide
Pe´ter Udvarhelyi1, 2 and Adam Gali2, 3
1Department of Biological Physics, Lora´nd Eo¨tvo¨s University,
Pa´zma´ny Pe´ter se´ta´ny 1/A, H-1117 Budapest, Hungary
2Wigner Research Centre for Physics, Hungarian Academy of Sciences, P.O. Box 49, H-1525 Budapest, Hungary
3Department of Atomic Physics, Budapest University of Technology and Economics, Budafoki u´t 8., H-1111 Budapest, Hungary
(Dated: May 15, 2018)
Cubic silicon carbide is an excellent platform for integration of defect qubits into established
wafer scale device architectures for quantum information and sensing applications, where divacancy
qubit, that is similar to the negatively charged nitrogen-vacancy (NV) center in diamond, has
favorable coherence properties. We demonstrate by means of density functional theory calculations
that divacancy in 3C SiC has superior spin-stress coupling parameters and stress sensitivity for
nanoscale, quantum enhanced photonic, optoelectronic and optomechanical devices.
I. INTRODUCTION
Silicon carbide (SiC) is an emerging host for qubit de-
fects1–6. The main advantage of SiC as a host mate-
rial is its industrial scale availability, high quality single
crystal growth in substrate scale and epitaxial thin layer
growth on silicon wafer7. Furthermore, advanced micro-
fabrication techniques are already available for potential
integration of spin qubit sensors into semiconductor de-
vices. In particular, divacancy spins exhibit optical ad-
dressability and long coherence time in the most com-
mon polytypes of SiC, cubic 3C, and hexagonal 4H and
6H (Ref. 8). In this paper we focus on the 3C polytype
and its neutral divacancy defect consisting of neighbor-
ing silicon and carbon vacancy (see Fig. 1). The diva-
cancy qubit in 3C SiC is especially interesting because
nanoelectromechanical-sensors (NEMS) can be produced
from thin films of 3C SiC that was grown on silicon
wafers9, and it has been shown10 that divacancy qubits
can be engineered into these 3C SiC thin films. The
fingerprints of 3C divacancy are the Ky5 electron para-
magnetic resonance (EPR) center11 with S = 1 spin and
L3 optically detected magnetic resonance (ODMR) cen-
ter12 with near infrared (NIR) photoluminescence line at
1.12 eV. The defect has remarkable Hahn echo coherence
time of 0.9 ms in 3C SiC (Ref. 13), similar to the 1.2 ms
coherence time of divacancies in 4H SiC (Ref. 14), ob-
served in natural isotope abundant samples at 20 K. We
conclude that the divacancy NIR color center has simi-
lar spin and optical properties to the negatively charged
nitrogen-vacancy (NV) center in diamond1,13, even sur-
passing its coherence time of 0.6 ms13,15. These 3C di-
vacancy qubits in NEMS can be harnessed to measure
strain at the nanoscale.
Although NV center is presently the most studied
nanoscale strain sensor16–25, the diamond host suffers
from difficulties in crystal growth and fabrication at large
scale. Thus, finding alternative defect qubit nanoscale
sensor in technologically mature materials, such as SiC,
with similar or superior sensitivities is of high impor-
tance. The straightforward production of 3C SiC thin
films hosting divacancy qubits with favorable coherence
properties makes 3C divacancy a very attractive poten-
tial candidate in realizing strain sensors at the nanoscale.
However, the strengths of spin-strain couplings for the di-
vacancy qubit in 3C SiC have not been determined so far
that are critical parameters in the sensitivity of future
pressure and electromechanical sensors. We note that,
parallel to our study, qubits controlled by alternating
pressure and electric fields have been demonstrated as
4H SiC divacancies of which phenomenon should rely on
considerable spin-strain coupling in these qubits26, that
further strengthens the need of studying the spin-strain
coupling parameters of divacancies in SiC.
In this paper, we calculate the spin-strain coupling pa-
rameters of divacancy qubit in 3C SiC by means of first
principles calculations, and estimate the stress sensitiv-
ity with taking realistic key parameters of the divacancy
qubit and the host SiC. We show that divacancy qubits in
SiC have generally larger spin-stress coupling parameters
than that of NV center in diamond, where the stiffness of
SiC gives rise to this phenomena. As a consequence, the
sensitivity of SiC divacancy qubits can be harnessed to
realize nanoscale, quantum enhanced photonic, optoelec-
tronic and optomechanical devices on a platform that is
compatible with semiconductor technology and electron-
ics.
II. METHODS
A. Spin-strain Hamiltonian
Recent works have been carried out to describe the
spin-strain coupling parameters of NV center in dia-
mond16–25. Since NV center and divacancy in 3C SiC
share the same symmetry the spin-strain Hamiltonian de-
veloped for NV center in diamond can be directly applied
to divacancy in 3C SiC. Very recently, we have advanced
and completed the theory for the spin-strain Hamiltonian
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2FIG. 1. Divacancy in silicon carbide (cubic Bravais cell shown
in black). {XY Z} shows the crystal reference frame and
{xyz} defines the local reference frame of the center. De-
formed cell is visualized in red for εxx = 0.1 strain.
for the NV center27 which has the form
Hε = Hε0 +Hε1 +Hε2, (1a)
Hε0/h = [h41(εxx + εyy) + h43εzz]S
2
z , (1b)
Hε1/h =
1
2
[
h26εzx − 1
2
h25(εxx − εyy)
]
{Sx, Sz}
+
1
2
(h26εyz + h25εxy) {Sy, Sz}, (1c)
Hε2/h =
1
2
[
h16εzx − 1
2
h15(εxx − εyy)
]
(S2y − S2x)
+
1
2
(h16εyz + h15εxy){Sx, Sy}, (1d)
where εij = (∂ui/∂xj + ∂uj/∂xi)/2 are the Cartesian
elements of the strain tensor and u(r) is the displacement
field. The spin-strain coupling parameters are labeled by
h. The spin-stress Hamiltonian has the same symmetry-
allowed form with coupling parameters labeled by g.
To calculate spin-stress coupling parameters from spin-
strain coupling parameters, we use the stiffness tensor
C of bulk 3C SiC, with elements in the cubic reference
frame: C11 = 390 GPa, C12 = 142 GPa, C44 = 256 GPa
(experimental data derived by Lambrecht et al.28 from
measurements of Feldman et al.29). First, we trans-
form the stiffness tensor to the defect frame; we de-
note the resulting 6 × 6 stiffness matrix in the Voigt
notation as C. To convert the spin-strain Hamilto-
nian Eq. (1) to spin-stress Hamiltonian, we express the
strain components in Eq. (1) using stress components via
ε = C−1σ, where ε = (εxx, εyy, εzz, 2εyz, 2εzx, 2εxy) and
σ = (σxx, σyy, σzz, σyz, σzx, σxy) holds in Voigt notation.
B. Ab initio spin-strain coupling parameters
We determined the spin-strain coupling parameters us-
ing density functional theory (DFT). We applied DFT for
electronic structure calculation and geometry optimiza-
tion, using the PBE functional30 in the plane-wave-based
Vienna Ab initio Simulation Package (VASP)31–34. The
core electrons were treated in the projector augmented-
wave (PAW) formalism35. The calculations were per-
formed with 600 eV plane wave cutoff energy. The model
of the divacancy in bulk 3C SiC was constructed us-
ing a 512-atom simple cubic supercell within the Γ-point
approximation. We use a negative sign convention for
compressive strain. The model of mechanical strain, de-
scribed by the strain tensor ε, was the deformed cubic
supercell with edge vectors obtained by transforming the
nondeformed edge vectors with the matrix 1 + ε in the
cubic reference frame, and allow the atomic positions to
relax. For each strain configuration, the elements of the
3 × 3 zero-field splitting matrix D, defining the ground-
state spin Hamiltonian via H = ~ST ·D·~S, were calculated
using the VASP implementation by Martijn Marsman
with the PAW formalism36. We calculated the deformed
supercells at several points and we applied a linear re-
gression to read out the coupling-strength parameters as
explained in Ref. 27.
In order to test the accuracy of our method, we studied
the hh divacancy qubit in 4H SiC, for which experimen-
tal data was available37. Our results show good agree-
ment with the observed spin-strain couplings (see Ap-
pendix A).
III. RESULTS AND DISCUSSION
The ab initio spin-strain and the derived spin-stress
coupling parameters of the neutral divacancy in 3C SiC
are summarized in Table I. The h25 and h26 couplings are
responsible for the flipping of the electron spin which are
comparable to the other coupling parameters. This holds
for the hh divacancy in 4H SiC (see Appendix A) which
explains the recently observed electromechanical driving
of these spins26. By comparing these results with our
recent data on NV center27, we realize that 3C divacancy
exhibits slightly smaller spin-strain coupling parameters
but greater spin-stress coupling parameter for most of the
types of distortion than diamond NV does. This is caused
by the smaller stiffness parameters of 3C SiC than those
of diamond. Our results demonstrate that the mechanical
properties of the host material can seriously affect the
final response of the embedded qubits to external stress.
A. Stress sensitivity of 3C divacancy based on
ODMR readout
We discuss here how the spin-stress coupling in 3C
divacancy can be harnessed in nanoscale sensing appli-
cations. The most common readout mechanism of the
defect spins is the ODMR method. In this case, the shot
noise-limited sensitivity for sensing magnetic fields, elec-
3TABLE I. Spin-strain (h) and spin-stress (g) coupling pa-
rameters of divacancy in 3C SiC as obtained from density
functional theory. Results are rounded to significant digits.
parameter h (MHz/strain) g (MHz/GPa)
h43, g43 2530± 30 6.01± 0.07
h41, g41 −4700± 200 −8.1± 0.3
h25, g25 −900± 100 −0.7± 0.3
h26, g26 −1760± 20 −5.00± 0.1
h15, g15 3200± 200 7.1± 0.5
h16, g16 1320± 50 1.3± 0.3
tric fields, temperature and strain in a Hahn echo mea-
surement is generally written in the form38
η =
1
4gC
√
βT2
, (2)
where g is the coupling parameter to spin, T2 is the homo-
geneous spin coherence time, and C is the fluorescence
readout contrast. Here we approximated the measure-
ment time and free precession time by T2. The contrast
C is defined as
C =
p0 − p1
p0 + p1
(3)
with p0 and p1 detected photon counts in the bright and
dark state, respectively. β is the average fluorescence in-
tensity that is approximated by p0. The truly intrinsic
parameter associated with the qubit in η is the g cou-
pling parameter. The photon counts and T2 time depend
on the quality and shape of the host material and other
experimental conditions.
The off-resonant readout contrast of isolated 3C di-
vacancy is about C = 7.5%, the saturation photon
count rate is 26 kcts/s and the spin coherence time
is T2 = 0.9 ms in nearly dopant-free crystal at 20 K
temperature13. We note that the quality of 3C SiC sam-
ples still did not reach the quality of 4H SiC samples be-
cause 4H SiC is employed in SiC semiconductor devices
that has driven the improvement of specifically 4H poly-
type of SiC. We note that further reduction of the nitro-
gen donor concentration in 3C SiC to the typical values of
high quality 4H SiC would certainly converge the coher-
ence times of the divacancies in the two polytypes, and
the ODMR contrast of divacancy in 3C SiC can be fur-
ther improved by optimizing the excitation wavelength
and lowering the background from other defects, simi-
larly to the divacancy qubits in 4H SiC. Therefore, we
assume that these high quality 3C SiC samples are in
reach, and we estimated the sensitivity of 3C divacancy
from 4H SiC data of C = 15% and T2 = 1.2 ms (Ref. 14).
We assumed the same ODMR readout time for 3C diva-
cancy as was reported for diamond NV center at about
350 ns (Ref. 39), from which one can estimate the total
photon counts during single readout event. Finally, we
have all the parameters that enter in Eq. (2). We find
that η ∼ 10−5GPa Hz−1/2 for 3C divacancy qubits.
We illustrate the results as blue columns in Fig. 2(a)
and (c) where we show the inverse of η which implicates
that the larger is the value (height of the column) the bet-
ter is the sensitivity. In particular, we plot the inverse
sensitivities of g43 and g41 coupling parameters that cor-
responds to the pressure along the symmetry axis and
in the plane perpendicular to the symmetry axis, respec-
tively. We note that the former corresponds to the c-axis
in the hexagonal 4H SiC lattice in Appendix A. We find
more sensitivity toward g41 over g43 but the order of mag-
nitude is the same.
We note that the T2 time can be greatly improved by
isotope engineering of the host material, i.e., by remov-
ing the nuclear spin noise as demonstrated for NV cen-
ter in diamond40. They could increase the T2 = 0.6 ms
(Refs. 41 and 42) up to T2 = 1.8 ms. Tight control of iso-
tope engineering of 4H SiC was already demonstrated43
that can be basically perpetuated for 3C SiC. We esti-
mate similar improvements on 3C divacancies’ T2 time
going from natural abundant to isotopically purified SiC
samples that results in T2 = 3.6 ms. The corresponding
results are shown as blue columns in Fig. 2(b) and (d)
which show almost a factor of two improvement in the
sensitivity.
We finally compare the sensitivities of 3C divacancy to
that of NV diamond. For NV center in diamond, the off-
resonant contrast is about 30%, the photon count rate
is about 28 kcts/s in mechanical resonator experimen-
tal setup, so we could estimate the sensitivity with these
and the previously mentioned parameters. We find simi-
lar but smaller sensitivities for diamond NV center (red
columns in Fig. 2) than for 3C divacancy. In particular,
the sensitivity for g43 coupling parameter of divacancy
in isotopically purified 3C SiC samples is clearly superior
over isotopically purified diamond NV center.
IV. CONCLUSION
We have calculated the spin-strain coupling parame-
ters for divacancy center in 3C SiC. In comparison to
the most promising NV center in the field of nanoscale
sensing, the intrinsic stress-spin coupling parameters of
divacancy are superior. The actual sensitivity of the 3C
divacancy depends on the quality of the 3C SiC crys-
tal. We estimated that improvement on the quality of
the 3C SiC crystal leads to favorable sensitivity of 3C
divacancy nanosensors. Non-optical spin readout tech-
niques such as photocurrent detection of magnetic res-
onance (PDMR)44 may further improve sensitivity for
both centers by substituting the low photon collection
efficiency with a high photocurrent efficiency. In par-
ticular, by realizing PDMR on 3C divacancy on Si sub-
strate, an all-silicon based electronic chip sensor could be
constructed for nanoscale measurement of pressure and
electric fields.
4FIG. 2. Inverse stress sensitivity (1/η) comparison of the
negatively charged nitrogen-vacancy center in diamond (red
column) and divacancy in silicon carbide (blue column). Esti-
mated values for natural abundant crystals (nat) and isotopi-
cally purified samples (iso) are shown in panels (a) and (c) and
panels (b) and (d), respectively, where the corresponding T2
times are depicted. Other parameters used in the calculations
of (1/η) are discussed in the text.
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Appendix A: 4H-SiC divacancy spin-strain coupling
parameters
DFT calculated spin-strain coupling parameters of
hh divacancy (PL1) in 4H-SiC are summarized in Ta-
ble II where the defect was modeled in a 576-atom
supercell with Γ-point sampling. The experimental
ODMR shift for perpendicular strain was reported (2 −
4) GHz/strain (Ref. 37) corresponding to our calcu-
lated h41 = 5 GHz/strain coupling parameter. The
good agreement validates our DFT method for calculat-
ing divacancy’s spin-strain coupling parameters in 3C-
SiC too. For the stress conversion, we used the stiff-
ness tensor elements of 4H SiC in the cubic reference
frame C11 = 507 GPa, C12 = 108 GPa, C13 = 52 GPa,
C33 = 547 GPa, C44 = 159 GPa (Ref. 45).
TABLE II. Spin-strain (h) and spin-stress (g) coupling-
strength parameters of hh divacancy in 4H-SiC calculated
from density functional theory. Results are rounded to signif-
icant digits.
parameter h (MHz/strain) g (MHz/GPa)
h43, g43 3110± 30 7.33± 0.06
h41, g41 −4940± 60 −8.65± 0.09
h25, g25 1130± 40 2.8± 0.1
h26, g26 −1580± 30 −5.0± 0.1
h15, g15 7600± 300 18.9± 0.6
h16, g16 1600± 60 5.0± 0.2
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